Additive Manufacturing, a technology which has been in existence since three decades, is now successfully being transitioned from a research setting to finding technologically and financially viable end-user applications. A key sector in which Additive Manufacturing is being used is the medical devices and healthcare sector. Drivers in this sector include the ability to create customized, patient specific devices and implants with quick turnaround time in a cost-effective manner. Doctors and surgeons are important change agents and innovators in the creation of new healthcare devices as well as surgical methods. Often times, they may find it necessary at first to build devices and plan surgeries which are not even being thought of or acted upon by the major healthcare companies. In this sense, they perform the roles of designers, creating new ideas and improving on them until they can be implemented and adopted by others. However, the scope for performing this creative activity is often limited in their workplaces, with resource, time and financial impediments often being present. Additive Manufacturing can be helpful to speed up the iterative process of designing such medical devices or planning surgeries as well as help convince people outside of the surgery room of the feasibility and business case for such innovations. This paper proposes to introduce a framework of design, processes and tools which will enable non-engineers (specifically surgeons) to create custom-built products. It is hoped that this paper will motivate more surgeons and non-engineers to get involved in the process of designing for additive manufacturing.
Introduction
Additive Manufacturing (AM) is a term representing a series of technologies that form solid objects by adding thin layers of material in sequence ( Figure 1 ). The layer(s) is the building block of this technology, and distinctions are made between different processes and technologies based on the material, the way in which the layer is formed and the way in which one layer interacts with another. In fact, performance parameters of cost, quality and time of manufacturing also depend on layer properties. The layers correspond to cross-sections of 3D computer representations of the objects [1] . In this way there is a direct correlation between what is stored on the computer and what is built inside an AM machine. Advances in technology are implying that machines are increasingly capable of producing parts of lesser layer thickness at a quicker rate, along with increasing the structural integrity and strength of the parts by improving the method and quality of bonding. Whilst this is of course a simplification, the benefits of this are very clear to designers since they do not need to worry (too much) about the manufacturing processes when designing objects. In fact they do have to concern themselves about absolute accuracy, material properties, maximum dimensions and some other issues. However, designers can still operate quite well within these constraints and much easier than if they were using other fabrication technologies like CNC machining, laser cutting, casting, etc. Design for manufacturing considerations requires the addition of many features, like holes, flanges and other geometries which should aid the fabrication process. By eliminating these considerations, only the shapes and features which are functionally (and sometimes, aesthetically) imperative to the customer or the end user are retained. The immediacy of the results from AM allow for easier flow of ideas and iterations to the final result Additive Manufacturing is not just a solution that simplifies the creation of artistic forms. It is beneficial to any process where there is complex geometry involved. Aerospace products are generally complex because the geometry is formed from precisely defined mathematical descriptions. On the other hand, medical models are complex due to the 'free-form' nature of the objects. Their precision is determined in terms of the correlation to patient-specific data. Surgeons can create implants that precisely map to a patient's musculoskeletal framework. This is often used to understand the intricacies of the framework and practice sufficiently in order to perform intensive, critical surgeries [2] .
The Current Medical Device Process
The most common approach to medical device design and development is through a research route. This approach involves carrying out detailed studies and interpreting the results in order to arrive at generic solutions. This is obviously a very costly and time-consuming process and has grown up through an era where it was important to provide reliable processes that are applicable to as many people as possible. Companies also follow rigorous processes in line with accepted industry perspectives, like systems engineering [3] , which considers the systems view of a product. Illustrated below (Figure 2 ) is the mapping of a medical device process to the technical processes of the Systems Engineering Model. Whereas this process is time tested and ensures an element of safety and stability both for the patient and the care-givers like the surgeons, it poses a number of challenges for the various stakeholder, namely:
• For Medical Device Manufacturers: Increased costs to offset margin pressures and mitigate risks of compliance, supply chain instability, cost and timelines of new product introduction • For surgeons and hospitals: performing operations without suitable practice, unfamiliarity with the device, low customization, increased bargaining powers with the OEM who control the technology • For patients: devices and implants which are not completely customized, long waiting times for preparation of implants, expensive surgeries and post-operative care.
Our focus in this paper is on the latter two stakeholders. We believe that a lot of problems associated with medical device and implant development can be mitigated, if not eliminated with early and involved participation of care-givers, and especially surgeons in this process. Although many medical practitioners are involved in research, this is not always the case. Their contribution is usually limited to the perspective of human factors engineering, which considers the human as one system element in the overall system architecture. Doctors and surgeons are often known to have new ideas that may improve their performance in some way. However, they also lead busy and stressful lives that deny them the time and resources to work on these effectively and often these ideas are not realised. The research based approach mentioned above does little to help these ideas achieve fruition.
Recent developments in highly open, responsive and adaptive techniques in design and development allow clinicians to work on problems without requiring the considerable technical knowledge of the past. Some of these developments are:
• A problem solving approach called design thinking [5] , which has been vastly developed at Stanford University and refers to the empathy as the crux of a human centered design approach. For example, GE Healthcare worked on making medical device equipment look and feel more like every day devices, in order to make the users more comfortable. Design thinking also helps in the face of increased pressure to reduce costs, as it helps the user decide as to what elements of the device create value for his work and hence needs to be retained.
• The increased use of Additive Manufacturing and associated software technology: The use of tools which are highly visual, intuitive as well as accessible (by virtue of being open source). Some examples are 123D CAD, free software integrated with content and fabrication service and alternatives like insight3D or openMVG. This is also aided by the wide spread and easy access to 3D printing service bureaus as well as the proliferation of DIY printers, which make product realization much more affordable.
Such methods and tools allow clinicians to work on customised solutions that can still provide efficacy without incurring significant expense. Much of this is based around individual patient data sets that are becoming increasingly available and inexpensive in a 3D format. This includes access to data through conventional clinical routes using technologies like Computerised Tomography (CT) and Magnetic Resonance Imaging (MRI) as well as through less conventional routes, like the use of low-cost 3D Surface scan data (e.g. 3D Systems Sense scanner) or even capture through mobile phone camera (like 123D Catch).
Open Source and Maker Cultures as enablers to increased design participation
Open source software, used for product development are providing non-engineering users like clinicians with the capability to understand, create and modify designs and architectures with little or no formal training. While the doctors may not have the time or the skill to create detailed, engineering standard designs, they can make use of the rapid prototyping route to quickly validate what will work in the operation theater for them as well as the patient. This also increases the chances of the product passing clinical trials, thus ensuring that less time will be spent in going through the rigors of regulations and compliances. The Maker culture [6] uses traditional mechanical skills such as machining or carpentry, but combines those skills with computers or electronics to create new devices. Maker culture introduces thinkers to the techniques of manufacturing-a key ingredient essential to invention. The Maker movement has been the source for success in a variety of business areas, including toys, jewellery, mobile technologies and other consumer markets
The illustration below describes the key links in the Additive Manufacturing value chain, an industry which is reaping huge benefits out of the open source and maker movement. The key ecosystem partners as well as the attributes critical to the success of these links are also elaborated. In the case of medical devices, The Additive Manufacturing ecosystem is providing more iteration and experimentation than ever before and reduced turnaround times. It is also enabling customization in two ways:
• We can develop patient specific solutions.
• We can ignore issues that relate to a specific patient in the knowledge that we can consider it later.
We propose that surgeons utilize the open-source, collaborative nature of this ecosystem to shift upstream from being just customers or end-users to contributors in the development and realization process (Figure 3 ). This involves a perspective shift, from viewing products as black boxes of engineering to transparent products that they can tinker with. This also increases the experiential learning of the surgeon, with the ability to test and accept or discard a hypothesis/model, as well as learn from this experimentation. Whilst the approach we propose may be applicable to all clinicians, we provide an illustrative example of using these technologies for creation of skeletal structures, especially orthopedics. If looking at medical devices in a more general sense we would need to consider a more detailed understanding of electronics, communications and software. Whilst there are tools to facilitate these, it is outside the scope of this paper. We propose that the orthopedic surgeons may have a solution based on a surgical procedure or individual patient. The approach may be considered according to the following techniques and technologies (Figure 4 ): - 
Innovate, but Ground Breaking?
Though it is tempting to claim that Additive Manufacturing is radically changing the way medical devices are developed and produced, we pause for thought. We appreciate the fact that this application is still a traditional approach to the use of AM in that it assists in the prototyping processes by removing the need to worry about manufacturing techniques. Many of the techniques developed by surgeons are generic rather than bespoke and so customization is not usually a consideration. Furthermore many of the ideas start from sketches or prototype demonstration models that are manually built. They rarely come direct from digital data. The technique for enhancing this process must therefore require more intuitive digital modelling techniques that make it easier to turn ideas into digital form.
The building of models from digital data generated from 3D patient scanning is a separate but equally important issue. The generation of new surgical techniques and devices should be generic to a certain extent so that they can be incorporated into standard surgical procedures and adopted by a large number of surgeons. Additive Manufacturing allows these standard procedures to be enhanced to suit individual patients thus making these innovations more effective. In this way, Additive Manufacturing is being used for manufacturing rather than as a product development aid.
